Abstract -The 3'P NMR cheutical shifts of salts of adenosine 5'triphosphate, ATPH22 2(CH3)4N and MgATPH2 have been measured in D70 solutions at several pD values. The results are compared with those obtained with adenosine mono-and diphosphate salts. The effects exerted by magnesium on the 3lP NMR signals of nucleotides are related to changes in conformation and acid strength of the polynucleotide chain resulting from the binding of divalent metal cations to pyrophosphate oxyranions. The three possible bidentate complexes interconvert rapidly on the NMR time scue in solution at pH > 7. The effects of calcium and magnesium on the 'P NM signals of ATP are very similar. Rates of nonenzymatic hydrolysis of ATPH22 2(CH3)4N and MgATPH2 in aqueous and in acetonitrile-water solutions have been determined in the pH range 0-10 utilizing liquid chromatography as the analytical tool. Hydrolysis of the tetraanion, ATP4, and trianion , ATPH3 , occurs by an elimination-addition mechanism via a metaphosphate intermediate, PO:ç, in the absence and in the presence of magnesium. Without magnesium, the trianion generates metaphosphate faster than the tetraanion by factors of 18 and 12 in water and in acetonitrilewater, respectively. Magnesium ions have no significant effect on the rate of formation of metaphosphate from the trianion, but increase the rate of metaphosphate formation from tetraanion by factors of ' 10 and 60 in water and acetonitrile-water respectively. The hydrolysis of the monoanion, ATPH3, and of the unionized acid, ATPH4, takes place by an addition-elimination mechanism via an oxyphosphorane intermediate (pentacovalent phosphorus). Probably both types of mechanisms participate in the hydrolysis of the dianion, ATPH22. The formation of tert-butyl phosphate when tetra-n-butylammonium salts of ATP are allowed to react in tert-butyl alcohol solution is taken as an indication of metaphosphate formation in reactions of the tetraanion and the trianion. t is proposed that, in enzymatic Py phosphoryl transfer, the complex MgATP' binds tightly to the active site by interactions of magnesium with amino acid residues, notably histidine, and by interaction of the polyphosphate chain, the ribose, and the adenine ring with other amino acid residues. The enzyme-bound MgATP2, with one electrostatic Py oxyanion-magnesium interaction, becomes protonated at Py by histidine (HisH) in the fully organized active site. The relatively electrophilic complex, AdOP(O)(O)O. P(O) (ö)O.P(O) (OH)0Mg, accepts the nucleophile at Py and forms the oxyphosphorane intermediate which collapses to the products, MADP and phosphorylated-nucleophile, before or after undergoing permutational isomerizations. This hypothesis is applied to the catalysis of the hydrolysis of ATP by muscle myosin in the presence of magnesium or calcium ions, and to the energy transduction of muscle contraction, which occurs only in actomyosin MgATPase.
INTRODUCTION
This paper is concerned with several aspects of the chemistry of adenosine 5'-triphosphate OH OH (1) The coordination of magnesium ions with ATP in aqueous solution. We have investigated the effect of magnesium and calcium ions on the 31P NtvlR signals of ATP, to ascertain if the spectral changes induced by divalent cations are associated with changes in polyphosphate chain conformation and acidity, or are due to more specific effects of the cations [11.
(2) The mechanism of nonenzymatic hydrolysis of ATP in aqueous solution and in a mixed acetonitrile-water medium, in the pH range from 0 to 10. We have searched for effects of magnesiimi ions on hydrolysis rates in these solvents, in order to establish a background for an analysis of the role of magnesium in the enzymatic reactions of AlT [2] .
(3) The mechanisms of enzymatic phosphoryl transfer by ATP. From the existing literature on hydrolysis of MgATP and CaATP by skeletal muscle myosin in the presence and in the absence of the protein actin, a hypothesis for the mechanism of hydrolysis and for the ATP energy transduction coupled to muscle contraction has been developed [3-51.
COORDINATION OF MAGNESIUM WITH ATP IN SOLUrIONS
The significant effects of divalent metal ions on the 31P NMR chemical shifts of ADP and ATP in aqueous solution have been known for some time [6] [7] [8] [9] [10] . It was assumed that the phosphorus MvIR data provided unequivocal support for the existence in solution, of a complex with magnesium electrostatically bound to the P and Py oxyanions of ATP. This view was later challenged [11] , and it was suggested that the cation was bound exclusively to the nonterminal P center of ATP. More recently, it was concluded that the 31P NMR data do not specify the site occupied by magnesium in the polyphosphate chain in solution [12, 13] .
We investigated this problem utilizing carefully purified salts made from the acid, ATPH4, namely: ATPH22 2 Me4N and MgATPH2. High resolution 3lP NMR spectra of 0.02 N D20 solutions of the salts were obtained at 145. 7 NHz at 22° C, at three pD values: 8.20, 6.20 and 3 . 70 (pD = pH + 0 . 4) . The concentration of ATP in these solutions is kept low to minimize self-association of the nucleotide [14] . The purification procedure eliminates traces of paramagnetic metal ions . The study included other salts : ADPH2 2 Me4N and MgADPH prepared by the same procedure, as well as salts from AMP and simpler phosphomonoesters for comparison purposes. The results are summarized in Figure 1 .
The data in Fig. 1 must be analyzed in the context of some additional information. The replacement of tetramethylainmonium cation by magnesium ions in solutions of the phenyl phosphate dianion, ArOPO32-, has only a slight downfield effect on the 3-P NMR shift (t0 .4 ppm).
The same insensitivity of the 31P signal toward cation structure is noted in the dianion derived from adenosine 5 '-monophosphate, AMP2-(0.4 ppm, upfield). The 3-P shift is virtually the same in the presence of tetramethylammonium and of magnesium ion in the monoanions of phenyl phosphate, ArOPO3H, and of AMPH. These data show that salt formation between magnesium and certain monophosphate oxyanions does not significantly affect the 31P NMR chemical shift, relative to that of the animonium salt.
Coordination of magnesium ions with APP at pD 8.20 has the same effect on the Pct and P centers, i.e. causes a 0.9 ppm downfield shift in both signals. At pD 8.20 the predominant species iETe trianion, since the pKa3 values are 6.9 for ADPH2 2 Me4N, and 5.3 for MgADPH, respectively.
Coordination of magnesium ions with ATP at pP 8.20 causes downfield shifts of the Pct and Py signals to the extent of 0.8 and 2.0 ppm, respectively. The nonterminal P8 signal is the one most significantly affected by magnesium, and shows a downfield shift of 3.9 ppm. From data on ATP acidity, it follows that the predominant species at pP 8.20 is the tetraanion, ATP4.
The following Scheme shows the various possible bidentate complexes of magnesium ions with APP and ATP. The most reasonable explanation for these effects by magnesium at pD 8.20 is to assume that in solution the three magnesium-ATP complexes are in equilibrium with each other, and that this equilibrium is relatively rapid in the time scale of NMR at 22° C. The changes in conformation of the polyphosphate chain as the various oxyanions become electrostatically bound to the divalent cation cause the changes observed in the chemical shifts of the three nuclei. The effect of magnesium on the signals does not correlate with the position of the metal in the chain. Moreover, calcium has virtually the same effect as magnesium on the three signals of ATP, under the same conditions [1] . The spectra at pD 6.20 disclose that a moderate increase in acidity has little effect on the Pa signals of APP and ATP, and only a slight upfield shift in the P signal of ATP in the absence of magnesium. This is as expected, since the first protonation does not occur at any of these centers. The increase in acidity results in a substantial (t3.5 ppm) upfield shift in the signals due to the terminal phosphorus centers in APP and ATP, in the absence of magnesium. Again, this effect would be expected from P and Py protonation in APP and AlP, respectively. The addition of the first proton to the oxyanion of a doubly-charged phosphorus center is accompanied by a relatively large (t3 ppm) upfield shift of the 31P signal in both phenyl phosphate and AMP. Protonation of the second oxyanion does not have much effect on the shift (t<0.5 ppm).
An interesting effect is observed on the U signal of APP, and on the Py and U signals of ATP, when the acidity is increased to pD 6.20 in the presence of magnesium. At still higher acidity, pD 3. 70 , the 31p shifts in the presence of magnesii approach the values observed in the absence of this cation, suggesting a disruption in binding of the metal ion to the chain.
X-ray diffraction analysis of aquo-magnesium phosphodiester complexes [15] shows that a phosphate oxyanion in the role of electrostatic ligand in the inner coordination sphere of octahedral magnesium ion gives rise to a short interatomic distance: MgO (phosphate), In summary, the interatomic distance Mg-O (phosphate ester) in the crystalline state i quite short, and in this sense, this configuration represents "tight binding" of magnesium ions to oxyanions of phosphates and pyrophosphates. In aqueous solutions, tight binding in a magnesium phosphate and pyrophosphate ester complex implies short Mg-O distance but a relatively rapid, intramolecular and/or intermolecular exchange of closely bound ions in the ion-pair. The. effect of the medium on interatomic distance and rate of exchange among members of this type of complex is not known, although presumably,changes of medium in the direction of lower dielectric constant arid greater hydrophobicity should lead to tighter Mg-O (phosphate ester) binding in the sense of shorter interatomic distance and slower exchange rates. OR" OR"
MECHANISMS OF NONENZYMATIC NUCLEOPHILIC DISPLACEMENTS ON PHOSPHATE ESTERS
Phosphodiester anions are less reactive than their confugate acids [22] . This is a reasonable corollary of the oxyphosphorane mechanism, since an oxyanion ligand should decrease the electrophilicity of phosphorus, and the stability of the resulting oxyphosphorane, as well as of the transition state leading to the pentacovalent intermediate.
An oxyphosphorane intermediate that provides no direct or indirect information of its existence, for example from NMR studies or isotopic exchange experiments, is operationally indistinguishable from a transition state analogous to that postulated for SN2 displacements at tetrahedral carbon. However, there is a growing body of evidence in support of the hypothesis that structures with pentavalent phosphorus are formed as intermediates with varying life-times in displacements on phosphate esters by the addition-elimination mechanism [23] [24] [25] [26] [27] . Hydroxyrphosphoranes have been directly observed in solutions in equilibrium with phosphate esters and phenols by means of 3lP NMR spectroscopy [28,291. NucleOphilic displacements on the nonionized form of phosphomonoesters, ROPO3H2, also proceed by the addition-elimination mechanism [30] . However, there is now ample evidence that the monoionized form of some (but not all) phosphoinonoesters, reacts by an elimination-addition mechanism via the monomeric metaphosphate anion [21, 31, 32] :
The proton shift indicated in the monoanion reaction [31] seems to be required to provide the necessary driving force for the rate-limiting elimination step. The elimination of the acid, POH, in contrast to that of the anion, P03, does not appear to furnish the necessary driving torce for elimination.
The diionized form of phosphomonoesters also react via elimination-addition [33] [34] :
RO-IP-cr :± R0 + P03 pounds of type XPO3H2, the acid strength of the ionizable protons plays a critical role, since it determines the state of ionization, and hence the operative reaction mechanisms under a given set of conditions. The nature of the medium is also quite important in this respect. Acid strength of oxyanions decreases in the solvent series: H20 > alcohols > acetonitrile. For a given compound, XPO3H2, under a given set of conditions, one expects a higher degree of protonation in acetonitrile than in water. This effect may be significant in enzymatic reactions of ATP when the reactive site is relatively hydrophobic. In the active site pocket, the tetraanion ATP4 is probably a stronger base than in aqueous solution. This should favor proton transfer from protonated histidine residue in the protein:
ATP4 + HisH ATPH3 + His . The conjugate acid of histidine (pKa " 7 in water) is also weaker in hydrophobic media than in water, but this decrease in acidity with the mediimi is smaller for aminiurn acids than for oxyacids. Magnesium ions increase the acidity of protons in ATP. Hence, the acid-decreasing effect of hydrophobic media may be crucial in facilitating proton transfer from histidine to the magnesium complex of ATP in the enzyme active site: MgATP' + HisH ±. MgATPH + His.
A second, and quite significant medium effect arises as follows. The ground state of phosphates is quite susceptible to stabilization through solvation. On the other hand, the transition state that leads to the less polar oxyrphosphorane should be less susceptible to solvation stabilization. It follows that the rate of formation of an oxyphosphorane intermediate from a phosphate and a nucleophile increases in going from media of greater to lesser solvating power due to this differential ground state solvation. A similar argument can be developed in the elimination-addition mechanism, since the metaphosphate anion:
and the transition state for its formation should be less polar, and less susceptible to stabilization through solvation, than the ground state phosphate.
In summary, nucleophilic displacements on derivatives of phosphoric acid without and with ionizable protons are satisfactorily described by mechanisms which involve intermediates with five-coordinate or three-coordinate phosphorus, i.e. oxyphosphoranes or the monomeric metaphosphate anion. There is no need to postulate aictrum of reactivity from limiting SN2 -like to SN1 -like transition states in these types of reactions, in the absence and in the presence of nucleophilic catalysts.
EFFECT OF MAGNESIUM IONS ON THE NONENZYMATIC HYDROLYSIS RATES OF ATP
Several qualitative [43] [44] [45] [46] and quantitative [47-52 1 studies of ATP hydrolysis have been described. However, the mechanism of this reaction is not well understood [53].
We have carried out a study of ATP hydrolysis rates in solutions of two salts, ATPH22 2 (CH)4N and MgATPH2 in 0.01 M solution in water, and in 1 : 1 (v/v) acetonitrile-water, at 70° . In these studies, the pH of the solution was kept constant within ± 0.05 pH units, and the measurements were extended from pH 0 to 10. Some of the results are given in Table 1 . Additional experiments confirmed that the buffer components had no effect on these reaction rates.
The pH-rate profile for the hydrolysis of ATP in water is given in Figure 1 . The curve in the absence of magnesium ions levels off at pH > 9.5. The corresponding pH-rate profile for the hydrolysis in acetonitrile-water is not reproduced; it differs from the profile in water in two respects. (a) The nearly flat portion of the curve obtained in the absence of magnesii is displaced toward higher pH values due to the decrease in acidity of ATP in the mixed solvent relative to water. (b) The pH-rate profile in the presence of magnesium ion curves upwards above pH 6 due to an increase in hydrolysis rate in acetonitrile-water vs water that is caused by magnesiim at the higher pH values (see below). An analysis of these hydrolysis rate data must take into account the appropriate acid-base equilibria. In water, at pH < 2, the acid, ATPH4, and its monoanion, are the only species present in significant amounts. In the pH range 2.0-7.0, the appropriate ratios of monoanion, dianion and trianion, must be taken into consideration in deciding the type of structure that can serve as substrate for the hydrolysis. In the pH range 7.0-9.0, one is concerned only with trianion and tetraanion. At pH > 9.0, the tetraanion is the only ionic species present. Since magnesium ions increase the acidity of the last ionizable proton of ATP to a value of 5.36 in water and 5.78 in acetonitrile-water, the tetraanion is practically the only potential substrate at pH > 70 and pH > 7.5 in these two solvents when the metal ion is present in the solutions.
The hydrolysis rates for these reactions were determined using a liquid chromatographic technique. The ATP and its hydrolysis products, ADP and AMP, were separated by HPLC on a Partisil SAX anion exchange column with the eluent monitored by a TN detector at 260 nm. The area under each peak was measured for a series of aliquots taken at appropriate times and the rate constants calculated by standard procedures [54] .
The hydrolysis of ATP in 0.1 N HC1 (pH = 1.5) occurs either by exclusive Py cleavage, or by a combination of Py cleavage and attack at P8 with displacement of and formation of ADP. This conclusion follows from the observation that there is little AMP formed within the first half-life of hydrolysis in 0.1 N HC1. Under these conditions, the reaction: H20 + ATP -9 ADP + is about six times faster than the reaction: H20 + ADP-3 AMP + P, and formation of AMP by' this reaction sequence does not complicate the analysis of the primary hydrolytic process. However, in 1N HC1, the two reactions: H20 + ATP -4 ADP + and H20 + ADP AMP + proceed at about the same rates, and one cannot precisely define the primary ATP hydrolysis pathway. However, if there is Pa attack or P8 attack with displacement of AMP and formation of these pathways contribute less than 10% to the overall hydrolysis in 1 N HC1, since one observes only about 10% of AMP within the first half-life of the reaction. The isotopic labeling experiments that are needed to describe precisely the relative contributions of Pet, P arid P' cleavage in strongly acidic media during nonenzymatic hydrolysis of ATP have not been described. At pH > 5.0, hydrolytic cleavage occurs exclusively by Py cleavage, as suggested by the data presented below.
The most significant results of the investigation, and our interpretation of them are as follows.
The tetraanion, ATP4, and the trianion, ATPH3, which have a terminal Py center of the type XP032-and XPOH, respectively, undergo nucleophilic displacements at that center by an elimination-adäition mechanism, in which formation of monomeric metaphosphate anion is rate limiting:
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The highly electrophilic metaphosphate ion reacts rapidly with the nucleophile to yield the product: ROH + P03-R0P03J-1. The proton-shift assumed to occur in the trianion allows the elimination of the anion, rather than of its conjugate acid PO3H, as was discussed in a previous section. This '!metaphosphate hypothesis" for reactions of the ATP tetraanion and trianion has been previously considered [55] . Our hydrolysis data are indeed consistent with this interpretation, but this mechanism may be limited to hydrolysis of the nucleotide in the absence of enzymes. The fonriation of metaphosphate as an intemed±ate in the hydrolysis of the ATP tetraanion and trianion is supported by the fomiation of tert-butyl phosphate when solutions of tetran-butylanimonffnii salts of these anions in iixtures of acetonitrile-tert--butyl alcohol are kept several hours at 700 C:
It is unlikely that tert-butyl phosphate can be derived from any reaction other than the entrapment of the highly reactive metaphosphate intermediate. The rate of decrease of ATP concentration is insensitive to the structure of the alcohol, and isopropyl alcohol yields isopropyl phosphate at a comparable rate.
It is assimted that the reaction of the ADPH2 dianion with tert-butyl alcohol, as well as the hydrolysis of this diariion, occur also by an elimination-addition mechanism:
Reaction of the metaphosphate anion with alcohol or water, would then produce the final products: AMPH monoanion plus monoalkyrl phosphate or P1.
Returning now to the rates of hydrolysis given in Tble 1 .
In the absence of magnesium ion, the rate of formation of metaphosphate from the ATP' tetraanion is slightly ( 15% faster) in the mixed solvent vs water. The trianion generates metaphosphate faster than the tetraanion by factors of 18 and 12 in water and in acetonitrile-water, respectively. The presence of magnesiimi ions in the solution does not significantly affect the rate of formation of metaphosphate from the trianion, MgATPI-1, in either of the two solvents. However, magnesiiuTi increases the rate of formation of metaphosphate from the tetraanion , MgATP2 , by factors of 10 and 60 in water and in acetonitrile-water, respectively. This is understandable, if, as discussed in a previous section, solutions of MgATP' contain three bidentate complexes of the cation and the polyphosphate chain in relatively rapid equilibrium with each other. The formation of metaphosphate and of MgADP is faster from one of these complexes, since the divalent cation renders ADP3 more nucleofugic by neutralizing two of the negative charges [56, 57] . The more hydrophobic the medium, the tighter the complex and the faster the elimination step. The hydrolysis of the ATP4 tetraanion in water, in the absence of magnesium ions, is not significantly affected by the addition of either 10 or 50 molequivalents of quinuclidine, pyridine or imidazole, in 0.01 N solutions at 70° C. This is in agreement with our finding that these amines do not increase the rate of nucleophilic displacements on aryl phosphate dianions, AROPO32 [39,41]. As discussed elsewhere, quinuclidine (although not pyridine or imidazole) exerts a powerful nucleophilic catalysis on displacements on certain aryl phosphate monoanions, ArOPO3H. This phenomenon is best observed in acetonitrile solution [39, 41] .
The magnesium complex of the trianion MgATPH, generates metaphosphate at about the sane rate as the metal-free trianion, ATPH. This is expected from the observed effects of magnesium ions on 31P NMR signals of ATP at various pH values (cf. previous Section). One can say that protonation at Py weakens the binding of magnesium to the polyphosphate chain and hence disfavors MgADPH nucleofugicity, or that the (MgPctP)ATPH complex disfavors the proton shift needed for metaphosphate formation.
The hydrolysis of the acid ATPH4, and of the monoanion, ATPH3, is assumed to occur by an addition-elimination mechanism and to involve an oxyphosphorane intermediate. This hypothesis is consistent with studies on the aryl phosphates. The strongly acidic conditions where the hydrolysis Of ATP becomes relatively rapid insure the presence of significant amounts of species with a diprotonated terminal Py center, and also provides opportunity for acid catalysis of oxyphosphorane formation. Note that the rates differ by a factor of about 4200 at the extremes of the pH range 0-9.5 in water. As expected magnesium ions have little effect on hydrolysis rates at pH < 4.
? ?
OH OH An area of uncertainty remains, namely, whether the dianion, ATPH22, reacts via metaphosphate or via oxyphosphorane intermediates .
Probably, both mechanisms are competitive in view of the possibility of proton shifts in solution (as contrasted to enzymatic reactions, where these proton shifts are restricted, see below).
One of the most interesting questions concerning the mechanisms of ATP hydrolysis under enzymatic and nonenzymatic conditions is whether the monoprotonated Py center of the tnanion, ATPH3 is susceptible to nucleophilic catalysis by imidazole and by unhindered amines, in general. We have not been able to demonstrate this effect in solutions, even utilizing the powerful nucleophile quinuclidine .
However, it is conceivable that the PS,'
center of ATPH in the active site of an enzyme is electrophilic enough to accept an imidazole group from a histidine residue, or a carboxylate group from an aspartate or glutamate residues, or a hydroxyl group from a senine or tyrosine residue to form oxyphosphorane intermediates , and then a phosphonylated enzyme intemediate . An attractive hypothesis is that one of the main roles of the enzyme in nucleophilic displacements on MgATP is to fix the electrostatic binding of magnesiun ions at a Py oxyanion, and to direct the protonation of the remaining Py oxyanion by a protonated catalytic histidine residue. The Py center could then be electrophilic enough to accept water or other nucleophilic substrates, or nucleophilic amino acid residues from the enzyme.
CLASSIFICATION OF ENZYMATIC REACTIONS OF ATP AT PHOSPHORUS CENTERS
Regardless of mechanism, reactions of nucleophiles with ATP can proceed according to the following scheme, where X = nucleophile, PPi = inorganic pyrophosphate, and = inorganic Thëpyrophosphoryl transferases direct attack at the P center and are selective in the sense of causing the nucleofugicity of AMP (rather than of Pt). These enzymes are very rare, and apparently only three of them have been characterized: thiamine pyrophosphokinase, phosphonibosylpyrophosphate synthetase, and 7, 8-dihydro-2-amine-4-hydroxymethyl-ptenidine pyrophosphokinase [591.
The phosphoryl transferases direct attack at the Py center, and are represented by few ATPases (water as nucleophile) and many kinases [60].
There is, at present, no satisfactory theory to account for the factors which direct nucleophiles to the Pct, P and Py centers of ATP, and for the crucial role played by magnesium ions in these enzymatic displacements. The following section discusses one of these reactions types, namely the transfer of the phosphoryl group to water under catalysis by myosin.
ENZYMATIC HYDROLYSIS OF MgATP. ACTOMYOSIN MgATPase IN MUSCLE CONTRACTION
The central problem in enzyme-catalyzed ATP reactions, namely the recognition of the factors which direct nucleophiles toward the Pct, P$ or Py centers of ATP, has not been solved. Moreover, there are serious questions concerning the detailed chemical mechanism that operates during enzymatic displacements at the Py center of the nucleotide [61,62]. The same question does not arise in enzymatic displacements at the Pa and P centers which possess only one ionizable proton. These reactions presumably take place by the same mechanism that operates in nonenzymatic displacements at those centers, i . e. addition-elimination via oxyphosphoranes.
A mechanism which brings the behavior of the P-' center of ATP in line with that of the Pc and P centers involves the additiofl of the nucleophile to a complex of magnesium ion with a Py-protonated trianion:
OMg. This MgATPJf complex may have an eight-membered ring, (MgPnPy)ATPFV or may contain only one Mg-to-oxygen electrostatic coordination, However, the significant feature of the complex is that it is intimately bound to the protein, and becomes even more integrated with the enzyme during the actual operation of the active site. The interactions between the MgATPI-V complex and the enzyme involves, in this hypothesis, donor coordination between histidine residues and the magTiesii ion; as well as indirect binding of magnesium to other amino acid residues through metal-ligated water. These interactions reinforce other attachments of the nucleotide to the enzyme by ion-pairing of polyphosphate oxyanions with positively charged amino acid residues, by hydrogen bonding of the ribose to the protein, by intercalation of the adenine ring into the protein, and by hydrogen bonding of certain amino acids, e.g. aspartate or glutaniate, to the C6-NH2 group of adenine.
In the ATPases, addition of the nucleophile water, perhaps from its location in the coordination sphere of magnesium, to the MgATPH complex tightly bound to the enzyme is assumed to generate an intenriediate with pentavalent phosphorus .
This oxyphosphorarie is also intimately bound to the enzyme, arid its collapse generates a "protein-product complex" fonnulated as enzyme-ADP.Mg.P, where the energy derived from the hydrolytic cleavage of ATP appears as relatively localized protein conformational strain. In general, in other phosphoryl transferases , the addition of the nucleophile to the MgATPH complex is assumed to generate oxyphosphorane inteniiediates, although thermodynamic considerations will vary relative to those pertaining to the ATPases.
The original suggestion [3] [4] [5] of the formation of a "long-lived protein'.product complex", enzyme-ADP.Mg.P, was based on the finding [l5} that a magnesium cation is able to hold tightly together a pair of phosphodiester oxyanions in the crystal of a complex where the magnesium has octahedral hexacoordination. A related concept has subsequently been introduced to account for some properties of other enzymatic reactions [63] .
In enzymatic reactions of ATP one is concerned not only with the mechanism of the particular nucleophilic displacement that is catalyzed by the enzyme, but also with the overall biochemical pathway that leads from the binding of MgATP to the final physiological or metabolic consequence of the process In this section we consider in detail the problem of muscle contraction coupled to the hydrolysis of MgATP by the enzyme myosin, i . e , the problem of the energy transduction which takes place during actomyosin MgATPiactivity. As shown in Fig. 3 , the hinge is the junction of the head with the thin helical body of the molecule, and this junction plays a key role in contraction Native myosin has two enzymatically active globular heads per molecule, and it is not known whether the two heads participate in the overall process in exactly the same manner
The traditional view in muscle contraction has been that the myosin active site is situated at the end of the head opposite the hinge, i.e •, at a site in the head distal from the hinge [64] [65] [66] [67] [68] [69] [70] . In these models, the hinge iof the head faces the bak15ne of the myosin filament where it cannot reach actin Recently it was proposed that the active site of myosin is in the hinge region; and that localized conformational changes at the active site induced by enzymatic events are directly coupled to physical movements of the nearly flexible hinge region [79, 80] . The hypothesis that the myosin active site is in the P10 fragment, i e., at a site in the head proximal to the hinge, was subsequently advanced in conjunction a chemical mechanism fo the myosin-catalyzed hydrolysis of MgATP. This hypothesis addressed itself also to the mechanism of the actin-áctivation of the hydrolysis, and of the energy transduction involved in muscle contraction [3] [4] [5] .
In the new picture of muscle contraction [5] , the flexible hinge region of myosin can project out toward the actin filament at the stage where actin activates the hydrolysis of MgATP, as shown in the lower drawings of Fig. 4 . Beginning at Fig. 4(a) , the flexible hinge region is relaxed, i.e in a low energy state with the active site unoccupied. The two proteins are finnlyifEached to each other by the "distal grip". In Fig. 4(b) , MgATP.is bound to the protein, and the active site of the ATPase is being created through a process of induced fit The resulting configurational changes at the active site cause more and more strain at the distal grip, which eventually causes actin todissociate from myosin, as shown in Fig. 4(c) .
in which actin has gained conformational energy and myosin has lost a corresponding amount. This energy transfer between the two proteins, which should not be confused with the primary transduction process, will be reversed in a later step when actin and myosin recombine at the distal grip. 
4(e), energy released by cleavage of the P-Py bond of the bound MgATP is trapped in the form of localized conformational strain in the hinge region. The effect of the transduction is to bend the neck of the myosin molecule and markedly change the angle at the Sl-S2 hinge; cf. Fig. 4(e) . At this point an energy trap is set, as the bent conformation of the neck, and the active site is in a position that allows actin to spring the trap as it activates the next step in the enzymatic pathway. "Activation by actin" means an increase in the rate of release to the medium of the 1 that is formed as a result of the myosin- rate-limiting in the absence of actin. Fig. 4(f) shows the interaction of actin at the active-site, which frees the distorted highenergy hinge region to move through lower energy states. Rotation of the head is the necessary consequence of the relaxion of the hinge. As the head rotates, the distal end moves onto the actin filament and binds to it establishing the distal grip; Fig. 1(g) . Note that at this stage myosin engages actin weakly at the active site-hinge region, where the trap is sprung, and tightly at the opposite end of the head through the protein-protein interactions of the distal grip. products of the enzyme hydrolysis are released, first P and then MgADP.
MMgATP
In this model of muscle contraction, the actin monomer that springs the trap (i.e. interacts at the active site) is different from the one that subsequently ta1es part in E1idistal grip8 It takes at least two actin monomer, each approximately SO A in diameter, to span the 100 A or more that separate the two ends of the myosin head. The confoniation and angle changes at the hinge are the primary drive and are induced locally by nearby enzymatic activity. These movements of the hinge lead to the distal interactions with actin. The energy of.MgATP is retained during the binding process and is released later when bound MgATP is hydrolyticaly cleaved. The loss of energy that is apparent in the relatively low energy content of M"MgATP compared to M + MgATP is suffered by myosin, not by MgATP. The present model requires that the angle at the hinge changes with the state of the myosin active site even in the absence of actin. The energy of the distal grip is not used for work, Work is done at the expense of the free energy from the hydrolysis of one molecule of MgATP which is transferred to the hinge region where it exists as localized conformational strain. The conformational strain is released into a spatially directed iTiechanical motion able to do work.
In previous models of muscle contraction, both actin-activation and the pull of contraction depend on interactions between actin and the distal end of myosin. These distal interactions are the primary drive, indirectly changing the angle or conformation at a distant, virtually passive Sl-S2 hinge. With a passive Sl-S2 hinge there should be no preferred angles for the hinge in the various myosin-nucleotide intermediates in the absence of actin.
In previous thermodynamic considerations of the contraction cycle, it is often assimied that all the useful energy of MgATP is transferred to the protein when the nucleotide binds to the active site of myosin. In those models the useful energy of MgATP is quantitatively conserved in the dissociation of actin from myosin; just that exact amount of energy must somehow be recovered for doing work when the two proteins recombine.
Finally, in the present, as well as in the previous models, the angle between the crossbridge and the core of the myosin filament changes passively to maintain an approximately constant interfilament distance during the cycle. When the angle of the Sl-S2 hinge changes actively in the new model, the angle of the cross-bridge adjusts in a way that obviates any lifting of the actin filament during the roll of the myosin head. Pi, the new complex *gpp•p is formed; now, is ready to be released to the medium.
One of the most interesting properties of myosin is its ability to utilize both MgATP and CaATP for hydrolysis in physiologically different ways. Myosin MgATPase couples with muscle contraction, myosin CaATPase does not, both, in the presence of actin. In the absence of actin, the Pj that is formed in the hydrolysis of ATP is released to the medium at a much faster rate when the substrate for myosin is CaATP than when it is MgATP. As stated above, actin increases this rate of Pj release to the medium in myosin MgATPase, and the rate increase depends on actin concentration. These differences need not reside in differences in the chemical mechanisms by which MgATP and CaP undergo hydrosis, but rather in differences associated with the configuration of the M .ADP.Mg.P vs M .ADP.Ca.P. These differences, in turn could affect the mode of interaction of actin fth the respective protein-product complexes derived from magnesium and from calcium. It may, in fact, be that the complex M**.ADP.Ca.Pi does not represent an energy trap in the sense that the complex **Jpgp. does. In this case, the P1 generated in the hydrolysis of CaATP is released to the medium as fast as it is being formed.
It has been known for sometime that, in the absence of actin, the myosin-catalyzed hydrolysis of CaATP in a medium containing water enriched with H218 generates Pj containing only
On the other hand, in the presence of actin, the myosin-catalyzed hydrolysis of MgATP in the same H218@ enriched medium produces Pj containing more than one labeled water [81, 82] . The conclusion derived from these observations has been that in the myosin MgATPase, but not in the myosin CaATPas, there isn extensive oxygen exchange between water arid the Py center of intermediates M .ATP and M .ADP.P1 [4] . It has also been suggested that the oxygen exchange occurs in 'the oxyphosphorane intermediate that presumably separates the other two intermediates. In one of these proposals, the permutational isomerication of the oxygens bound to trigonal bipyranildal phosphorus is said to occur by the "pseudorotation" niechanism [83] , while in the other proposal the isomerization is assiniied to take place by the "turnstile rotation" mechanism [4] .
.
The actual nmiber of isotopically labeled oxygen atoms from H21-8 that appear in the Pj released to the medium when the MgATP hydrolysis is carried out with native myosin and with proteolytic fragments derived from native myosin is not known with certainty. The reason for the uncertainty lies in difficulties inherent in the reproducibility of the proteolytic fragments, as well as the methods used for the isotopic analysis. The data thus far reported represents an average of the isotopic composition of the various possible species, H2PO3, H2PO22, H2PO3 and H2P(, which correspond to no exchange, or to one, two and three exchanges, respectively. For this reason, and until the actual distribution of these isotopically labeled species of is known with precision, no further discussion of the effect of proteolytic cleavage of inyosin on the intermediate oxygen exchange is warranted. It is apparent, however, that the lack of oxygen exchange in CaATPase, and the extensive oxygen exchange in MgATPase are related to the respective rates of release of to the medium. This, in turn, relas to the properts and the integrity of the corresponding protein-product complexes, M .ADP.Ca.P. and M .ADP.Mg.P.
In summary, much has been learned recently concerning the coupling of energy release during inyosin ATP hydrolysis to the mechanical work of uiuscle contraction. Refinements of the techniques for the preparation of the proteolytic inyosin fragments, and of isotopic analysis of the released in conjunction with studies of various divalent metal myosin ATPases, should give further insight into the link between chemical hydrolysis and physiological response in muscle contraction. 
